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Abstract
The transition to turbulence for channel flows in the presence of three-dimensional eddy
promoters is experimentally determined. Overall good agreement with a proposed
criterion for transition (ReT=40-60) is observed.
Heat transfer measurements are performed for eight different eddy promoter
geometries in laminar, transitional and turbulent flow regime. It is found that insertion of
eddy promoters not only displaced transition to turbulence to lower critical flow Reynolds
numbers but also increased the transition Nusselt number 1.5 to 2.5 times above the value
for the plane channel flow in spite of the fact that transition to turbulence for the latter
occurs at higher critical Reynolds number. It is also found that choice of time-space
averaged shear stress at the wall, average velocity in the unobstructed channel and time-
space averaged heat transfer coefficient in the average Reynolds's analogy, for eddy
promoter configurations where diameter of eddy promoters is small and/or their spacing is
large, yields satisfactory prediction of Nusselt number in transition region.
Optimization calculations confirmed initial experimental findings that the highest
saving in the pumping power with respect to the plane channel flow can be obtained in the
transition region. The study also showed that eddy promoters continue to provide good
augmentation strategy even for moderately high Reynolds number turbulent channel flows.
Thesis supervisor: Borivoje B. Miki6
Title: Professor of Mechanical Engineering
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Chapter 1.
Introduction
Performance and efficiency of many engineering systems are limited by transport processes
such as heat and mass transfer. Examples include cooling of electronic devices, nuclear
reactor cooling systems, fusion reactors, etc. This has been the reason why we have seen
increasing activities in heat transfer enhancement investigations during the last several
decades (e.g., Bergles and Morton [1], Bergles and Webb [2], Bergles [3]).
There are several classes of transport enhancement schemes such as: addition of fin-
like surfaces, flow destabilization and others. An important class of enhancement schemes
is based on fluid mixing near the heated surface produced by hydrodynamic instabilities.
Laminar flow systems that use this feature require a separated flow region, which
produces inflexional velocity profiles susceptible to inviscid destabilization. The
destabilization of separated flow region in turn leads to significant convective motions
responsible for the transport enhancement. All turbulent flows represent a common
example of mixing produced by hydrodynamic instabilities, but only some systems that
operate in the turbulent regime can be regarded as an augmentation scheme. The reason
for this is that turbulence occurs 'naturally' in all systems. On the other hand any system
modification that would further destabilize the viscous syblayer and/or induce 'early'
transition to turbulence is considered as an augmentation method.
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Methods that lead to transport augmentation in the laminar regime, which are based on
the destabilization of separated flows, also exhibit 'early' transition to turbulence. These
methods continue to provide good augmentation strategy for moderately low Reynodls
number turbulent flows. For higher values of Reynolds number, direct destabilization of
the laminar sublayer by means of micro-promoters and micro-grooves is a preferred
choice, Kozlu et al. [14], Kozlu[15].
In this work we concentrate on the eddy promoter method of flow destabilization,
Karniadakis et al. [12]. In this method eddy promoters are inserted within the boundaries
of the flow field in order to produce a disturbance to the flow. As a result the flow
becomes destabilized, causing better mixing and higher transfer rates between the flow
boundaries and the bulk of the fluid.
Past studies, Kozlu et al. [14], Kozlu [15], indicate a connection between transport
augmentation and transition to turbulence, namely that the enhancement of heat transfer
for the systems with eddy promoters seems to be most effective in flows around the
transition to turbulence. This behavior is related to the fact that such systems exhibit
transition to turbulence at significantly lower flow Reynolds numbers than systems that use
other methods of flow destabilization (e.g. micro and macro wall groves), as shown in
experimental studies of channel flows with eddy promoters, Kapat [ 1 1], Mikic et al. [ 18].
The same studies also showed that transition to turbulence occurs at approximately
constant shear Reynolds number. This feature, approximately constant shear Reynolds
number, together with lower flow Reynolds number at the transition, could also mean -
provided that analogy between momentum and heat transfer (Reynolds's analogy) is valid
in the transition region - higher heat transfer at a lower transition Reynolds number.
Indication that Reynolds's analogy is indeed valid in the transition region for these systems
comes from the recent numerical, Karniadakis et al. [12], and experimental, Kozlu [15],
studies of laminar flows in the presence of eddy promoters. They have shown that
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Reynolds's analogy holds with increase in Reynolds number (i.e. approaching the transition
form the laminar side).
The above preliminary findings were reasons for choosing the eddy promoters as an
enhancement method for this study.
The objective of this work is to find what are the consequences of early transition to
turbulence on heat transfer at and around the transition to turbulence. To achieve this heat
transfer for flows in the presence of periodically placed two- and three-dimensional eddy
promoters in a high aspect ratio rectangular channel will be studied. The separation
between eddy promoters as well as their size will be varied. The effect of the changes in
the eddy promoter geometries on the flow field (i.e., on critical Reynolds number at which
transition to turbulence occurs), and on the heat transfer rates in and around the transition
will be studied. Hydrodynamic data, for considered two-dimensional eddy promoter cases
that is necessary for heat transfer study will be adopted from Kapat [11] since he
performed hydrodynamic study (i.e., determined transition to turbulence) for those cases.
Three different three-dimensional eddy promoter geometries are chosen to study
influence of three-dimensional perturbation on the transition to turbulence in channel flows
with eddy promoters.
Asymmetrically heated plane channel (only top wall is heated while the bottom wall
is kept adiabatic) is chosen as a basic case. Heat transfer for this geometry will be
evaluated in order to compare results obtained for that case with the results obtained for
eddy promoter cases.
Experimental determination of: a) the mean and local heat transfer coefficient in the
streamwise direction for flows in the presence of two dimensional eddy promoters, and b)
the mean and the local heat transfer coefficient in the streamwise and spanwise direction
for flows in the presence of three dimensional eddy promoter geometries will be
performed for the purpose of studying heat transfer for channel flows in the presence of
eddy promoters.
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Chapter 2 presents the underlying theory of transport enhancement with emphases on
transport enhancement at transition to turbulence.
In Chapter 3 transition to turbulence is discussed. A model of transition to turbulence
reported in Mikic [19] is presented and possible departures from the model are discussed.
Chapter 4 presents description of experimental apparatus its construction,
instrumentation used in experiments, and measurement procedures.
Experimental results are presented in Chapter 5. Values of the critical Reynolds
number at transition to turbulence for three-dimensional eddy-promoter cases are reported
and the behavior of the flow field is discussed. Validity of Reynolds's analogy for flows in
the presence of eddy promoters is considered. Observed trend of Nusselt number for all
eddy promoter cases is discussed. Lastly, the optimization results for the channel flows in
the presence of eddy promoters are presented.
The last chapter, Chapter 6, brings the conclusions made on the basis of experimental
results.
21
Chapter 2.
Transport Enhancement at Transition to
Turbulence
2.1. Introduction
The problem of heat removal from a heated surface to a flowing fluid stream arises in
many engineering systems. For a number of those systems, one of the design goals is to
augment the heat transfer.
In any particular application the necessary heat transfer can be achieved in number of
different ways. Hence, for the design problem to be well posed a cost function that reflects
the constraints and goals of the overall system must be introduced. In the case of systems
for heat removal, the following contribute towards the total cost: manufacturing costs,
overall pressure head required to drive the coolant flow, pumping power requirement,
shear stress at the wall, material costs etc. The design objective is to provide the highest
possible heat transfer rate at the lowest possible cost for a given thermal load under given
temperature constraints.
One of the above penalties which is often used to be optimized is the pumping power
requirement. Motivation for this kind of optimization comes from the following:
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excessive power dissipation can lead to increase in the size and cost of the prime movers,
as well as in increase of associated manufacturing and operating costs.
For the rest of this chapter we will concentrate on the problem of maintaining a fixed
thermal load while minimizing pumping power requirements. Our optimization goal can be
expressed also as the maximization of the thermal load at a fixed pumping power.
In section 2.2 the optimization problem is posed and solved. Section 2.3 deals with the
connection between flow destabilization and transport augmentation. The last section,
section 2.4, establishes connection between transport augmentation and early transition to
turbulence.
2.2 Description of the optimization problem
We consider a problem shown in Figure 1.: incompressible flow between parallel plates of
length L and height H with imposed heat flux q" at the top wall, and an adiabatic bottom
wall. The flow is assumed to be hydrodynamically and thermally fully developed. Inlet bulk
temperature of the fluid is Tb,in, and temperature of the top wall at the exit of the channel
is Tmax.
+4 1 ' ,v4vv + ++ ... +.
I y Y
Uav
Tb,in I
I Z
r-
I Insulation I
x=O x=L
Figure 1. Basic geometry for enhancement study.
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Configuration shown in Figure 1. is chosen for basic geometry because it illustrates a wide
class of engineering applications.
Our problem can, now, be restated in the following way: Find the average velocity
Uav, and the channel height H which for given: q", L, Tb,in and Tmax minimize the
required pumping power W=AP Uav H.
The problem is reduced to a universal form via the non-dimensionalization described in
Kozlu et al. [14]. Such non-dimensionalization introduces the following non-dimensional
variables:
Prandtl number:
VPr = -
a
Reynolds number:
(1)
Re =UavH
V
Nusselt number:
Nu(Re, Pr) = q"H
K(TW (X)- Tb (X))
a thermal load parameter:
A=~~ q"L
K(Tmax - Tb,in)
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(2)
(3)
(4)
a friction factor:
(L (2H)A 2
f(Re) - 1 2
-P Uv
2
a non-dimensional dissipation parameter:
_ 
332 Ap Uav H Pr 2 L
pv 3
a non-dimensional channel height:
q"H
K(Tmax - Tb,in)
H
L
(7)
and a non-dimensional inverse velocity:
= (8)
Re Pr
The controlling parameters in our optimization process are X, and g which are related
to each other through:
(9)N +R= 1Nu
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(5)
(6)T =
5 
The parameter !t can also be interpreted as the ratio of the difference between outlet
and inlet bulk temperature of the fluid and the difference between Tmax and Tb,in. This
interpretation confines g. to the [0,1] interval.
Equation (6) can be rewritten as:
3 2 A6 f(A / Pr)
55 Pr Nu3 (A / Pr, Pr).g 3 (_) 3 (10)
now our problem can be posed as: find P such that
T=min (1) (11)
VRE[0,1]
Addition of geometric modifications to the basic geometry, such as eddy promoters,
somewhat complicates the optimization process. Figure 2. shows a schematic of eddy
promoter geometries.
q"
V 
+ I r I I 44I X
d
O O
x I
I z I
I Insulation I
x=O x=L
Figure 2. Schematic of an eddy promoter geometry.
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Variation of geometric parameters (d/H, 1/H, and b/H) forms different eddy promoter
enhancement geometries. If by Zi i=l,n different enhancement geometries are denoted,
corresponding to the variations of geometric parameters, our optimization problem can be
formulated in the following way: Find the average velocity Uav, channel height H, and
geometry Zi, which for given: q", L, Tb,in, and Tmax minimize the required pumping
power. Non-dimensional dissipation parameter, now, assumes following form:
332 A6 f(A / gPr, Zi)
55 Pr Nu3 (A / Pr,Pr, Zi) 3 (1- )3
In the mathematical form our optimization problem can now be posed in the following
way: find T' such that
P= min (,Zi) (13)
VgE[O,1],V'Z i
2.3 Flow destabilization and transport augmentation
Although different techniques have been used in the past to improve heat removal, we will
concentrate on the flow destabilization technique since it is general enough to be adopted
in a variety of applications without requiring significant hardware modifications. In this
technique the basic flow geometry is modified in such a way to destabilize the flow.
Destabilization of the flow in turn leads, in the laminar regime, to self-sustained
oscillations causing Reynolds-flux dominated transport of passive scalars (such as heat).
As a result we can achieve same Nusselt numbers as in the basic geometry but at lower
Reynolds numbers. The down-side of this method is that self-sustained oscillations
produce higher shear stress at the wall causing the pressure drop to rise.
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Results which motivated the systematic study of channel flows with eddy promoters
are reported in Kozlu et al. [14]. In [14] authors reported that insertion of eddy
promoters decreased the requirement on the optimum pumping power in respect to the
plane channel up to the moderate Reynolds number turbulent plane channel flows. The
optimal pumping power as a function of thermal load, for the basic geometry and one eddy
promoter geometry, as reported in Kozlu et al. [ 14], are shown in Figure 3. Results of our
eddy promoter cases will be deferred until the discussion of heat transfer results.
1016
1014
1012
1010
108
106
101 10 2 10 3 10 4
A
Figure 3. Optimum pumping power for
[14])
one eddy promoter geometry (form Kozlu et al.
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2.4 "Early" transition to turbulence and transport
enhancement
From results reported in Kozlu et al. [14] we can make following conclusions. From
Figure 4. we see a jump in f at Re=740. This observation suggests a possible transition to
turbulence at that Reynolds number. This is in agreement with what had been suggested by
flow visualization, Kozlu [15], and with the numerical results reported in Karniadakis et
al. [12] where calculated values of Nusselt number for Re>500 start to diverge from the
experimental results. The greatest reduction in the pumping power requirement is obtained
for A=90, which matches well with the operating conditions around and at the transition
to turbulence in the basic geometry.
1
A1
4-
.01
nni
102
Re
Figure 4. Friction factor for eddy promoter geometry and plane channel as a function of
Reynolds number, adopted from Kozlu e al. 14]
29
103 104
Connection between 'early' transition to turbulence and transport enhancement has
been reported earlier. Thomas [36] reported an increase in mass transfer from a flat plate
caused by the wake from the cylinders located near the edge of the boundary layer and
ascribed this observation to the 'early' transition to turbulence caused by the presence of
the cylinders.
These findings suggest that in the search for the optimal geometry we can limit
ourselves to systems which induce early transition to turbulence, provided that prescribed
thermal load allows operation of the basic geometry at low to moderate Reynolds
numbers.
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Chapter 3.
Transition to Turbulence
3.1 Introduction
Turbulent flows are the most commonly encountered flows in engineering practice.
Examples range from flows around buildings to flows in gas turbines and flows in pipes.
Many volumes are written on turbulent flows yet many aspects of turbulent flows are still
unresolved. Unlike laminar flows, turbulent flows are multiscale-complex in nature. These
attributes of turbulent flows greatly change the behavior of transport parameters.
For parallel wall bounded flows and pipe flows, turbulent flow becomes laminar when
the Reynolds number is decreased below certain critical value even for very strong
external perturbations such as vibrations, flow fluctuations etc. On the other hand in
carefully designed experiments (i.e., where external effects are carefully controlled) it is
possible to delay the transition well beyond the critical Reynolds number.
Transport parameters such as heat transfer coefficient, friction factor, and mass
transfer coefficient, change their functional dependence on Reynolds number when the
flow undergoes transition (i.e. when the flow becomes turbulent). Therefore knowledge
and/or ability to predict whether turbulence can be self-sustaining plays an important role
in design of engineering systems.
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In section 3.2 a survey of transition to turbulence is presented. Section 3.3 brings a
novel approach, first introduced in [20], to viewing of transition. In section 3.4 model for
correlating transition to turbulence is presented and possible improvements are suggested.
3.2. Overview
The first systematic investigation of the transition to turbulence is due to Osborne
Reynolds. Osborne Reynolds [26], experimentally investigated transition to turbulence in
flows through a straight pipe. He concluded that the transition from the laminar to the
turbulent type of motion takes place at a definite value of the non-dimensional group
U,vD
v , which is now known as a Reynolds number. In his experiments he also observed
that the point of transition is very sensitive to the amount of disturbance to which the fluid
is subjected before entering the pipe.
From the pioneering work of Reynolds to date it has been established that for the pipe
flows exists a lower limit on critical Reynolds number (approximately 2300, Schlichting
[31]) below which even strong disturbances do not cause the flow to become turbulent. It
is also found that with an arrangement, which is as free from disturbances as possible,
critical Reynolds number exceeding 105 can be obtained'. In plane Poiseuille flow the
U,Hlower limit on critical Reynolds number, defined as v , where H is channel height, has
been found to be approximately 1500, Potter and Foss [24].
Attempts to explain the onset of turbulent motions through the application of
hydrodynamic stability theory for the channel flows have so far yielded only very modest
results. Herbert [8], found that plane Poiseuille flow is stable in respect to finite amplitude
1 In the original experiments of 0. Reynolds transition occurred at Re= 13000.
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two dimensional perturbation for Reynolds numbers less than 2900. Orszag and Patera
[23] have found that plane Poiseuille flow is stable to infinitesimal three dimensional
perturbation imposed on finite amplitude two dimensional waves for Reynolds numbers
less than approximately 1000. Landman and Saffman [16] came to the same conclusion as
Orszag and Patera considering three dimensional instability of strained vortices. Although
these results are of the right order of magnitude they are still far from being accurate.
However, hydrodynamic stability analysis when applied to flows which have preexisting
destabilizing force in their basic state (e.g. thermal or centrifugal instabilities) accurately
predicts onset of instabilities (cf. Drazin and Reed [6]) which eventually lead to turbulent
motions.
3.3 Turbulent transition as a secession of turbulence
In [20] it was suggested that demarcation condition separating laminar and turbulent flow
would be perhaps more adequately identified as a criterion for cessation of turbulent
motions, therefore implying direction of transition. Transition viewed in this manner
allows more reproducible demarcation.
The basic elements necessary for formulating the criterion for maintenance of self-
sustained turbulent motions are identified by Mikic et al. [21] as follows:
a) on the most basic level turbulence can be viewed as a three dimensional interaction
between eddies of different sizes,
b) origin of the fluid elements which form each vortex is related to the events occurring at
the wall (i.e., bursts and roll-up of vorticity),
c) for wall bounded flows the production of vorticity, which takes place in the wall region,
is greater than dissipation of vorticity.
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Hence, for maintenance of turbulence in the wall bounded flows it is necessary to have
intermittent transfer of vorticity from the wall layer ('fueling' of vorticity). For the
turbulent motions to be self-sustaining it is also necessary that vorticity is not dissipated
during the transport from the wall layer to the core. This conclusion is in accord with what
has been suggested as early as 1915 in Taylor [32]. In [32] author suggested that the
dynamic of turbulence should be regarded as an effect of diffusion of vorticity rather than
momentum.
3.4 Shear Reynolds number as a demarcation criterion
All turbulent flows are characterized by fluctuations in velocity and pressure. In one of the
earliest treatises, Taylor [33], which discusses influence of the fluctuating pressure field
G.I. Taylor writes: "It seems that the way in which the turbulence is most likely to affect
the boundary layer is through the action of local pressure gradients which necessarily
accompany turbulent flow. If these are sufficiently great, for instance, and directed
oppositely to the flow, a reversal of the flow at the surface, or separation will occur." The
presence of the intermittent flow separation at the wall implies the presence of the
fluctuations of the wall shear stress which amplitude is of the order of the mean wall shear
stress, rw. From the order of magnitude momentum balance applied on the instantaneous
perturbed values of Iw and pressure, as suggested in [19], one can infer that if the
pressure fluctuations are to induce separation in non accelerating flows, the magnitude of
the pressure fluctuations at the wall must be greater but of the same order as Iw. The
available experimental data is consistent with this bound on fluctuating pressure (e.g.
Wilmarth and Wooldridge [38]).
Necessary condition for maintenance of turbulence, that is, that the vorticity be
convected to the outer region without being totally dissipated during the transfer process,
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can now be stated as: time scale associated with convection of vorticity tc must be smaller
than time scale associated with dissipation of vorticity tv .
Convective time scale is given by:
6
tc C-I (14)
and the viscous time scale is given by:
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tv = C 2 (15)
V
In equations (14) and (15) v' is the characteristic intensity of the perturbation motion
responsible for the vorticity transfer, C1 is a constant of the order unity, and 1/C2 , based
on the diffusion controlled dissipation of vorticity, is a constant between 40 and 60 (cf.,
Mikic et al. [21]), and 6 is boundary layer thickness. Conservation of momentum and the
upper bound on the pressure fluctuations sets the limit on v'.
vmax -- = u (16)
where Yw is mean shear stress at the wall, which is also in accord with the well known fact
that v' scales as a friction velocity, u, in turbulent flows. Now we can express our
criterion for maintenance of turbulence as:
u, 6C1 =B (17)
v C2
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In context of this definition of transition, based on secession of turbulence, turbulence
will not be able to sustain itself in parallel plates Poiseuille flow when the thickness of the
viscous layer approaches the integral length scale, which is approximately half of the
channel height. The above constraint on the viscous layer thickness demarcates the
transition to turbulence. Thus, criterion for turbulent transition, predicated on the system's
capacity to support turbulence, can be expressed as:
Re = (H/2) 40-60 (18)
V
where Rex is shear Reynolds number, iw is mean shear stress at the wall, and H is the
channel height.
In the case of imposed velocity fluctuations on the systems integral length scale (i.e.,
velocity fluctuations due to vorticity whose origin can not be traced entirely to the channel
walls (e.g. ribbon or eddy promoters)) one may expect departure from the proposed
criterion. Such additionally imposed external perturbation (i.e., external to the viscous
layer), with the length scale of the order of the integral length scale, will lower the
requirement on the mean vorticity production at the channel walls, reflected by lowering
the requirement in Gw that is necessary to sustain turbulence.
In our experiments, the role of eddy promoters is to produce enhanced vorticity
generation without necessarily increasing the flow rate, and, at the same time, keeping the
integral length scale of the system invariant.
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Chapter 4.
Experimental Setup and Measurement
Procedures
4.1 Introduction
This chapter presents description of design of experimental apparatus and measurement
techniques used in the study of heat transfer at transition to turbulence in channel flows
with eddy promoters. Flow geometry is presented in Figure 5. Figure 6. shows schematics
of eddy promoters used in experiments. Eddy promoters are placed in the mid plane of the
channel (i.e. at y/H=0.5, cf. Figure 5.). The relevant geometric parameters from Figure 5.
and Figure 6. are shown in Table 1. Hybrid, 3D2D, case was treated as a three
dimensional augmentation geometry.
Apart from eight eddy promoter cases, plane channel flow is also studied for the
purpose of comparison of these results with results obtained for eddy promoter flows and
as a validation of measurement techniques through comparison with results available in the
literature.
All reported measurements were performed in the region where the flow can be
considered to be hydrodynamically and thermally fully developed, as defined in Sparrow
and Tao [28].
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Figure 5. a), b), c) schematic of the top view of the test section for: 2D cases, 3D cases
and 3D2D case respectively, and d) schematic of the side view of the test section
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Section 4.2 presents experimental apparatus. In 4.2.1 a short description of the wind
tunnel is given. More detailed description of the wind tunnel design can be found in Kozlu
[15]. In 4.2.2 description of the test section used for flow measurements is presented.
Description of the test section used in heat transfer measurements is presented in 4.2.3 In
4.2.4 description of eddy promoters is presented. Measurement techniques,
instrumentation and data acquisition used in flow and heat transfer measurements are
described in sections 4.3 and 4.4. respectively.
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Figure 6. Schematic of eddy promoters used in experiments.
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Case Geometry 11/H 12/H dH d l/H
825C 2D 7.76 N/A 0.196 N/A
425C 2D 3.88 N/A 0.196 N/A
225C 2D 1.94 N/A 0.196 N/A
835C 2D 7.76 N/A 0.309 N/A
435C 2D 3.88 N/A 0.309 N/A
3D1 3D 7.76 N/A 0.309 0.125
3D2 3D 3.88 N/A 0.309 0.125
3D2D 3D 3.88 3.88 0.309 0.125
L=11+12; a/H=3.315; b/H=2; W/H=8.63
Table 1. Geometric parameters of investigated geometries.
4.2. Experimental apparatus
4.2.1 The wind tunnel
Figure 7. shows a schematic of the wind tunnel which was available for the purpose of this
research. Dust free air used in the experiments is supplied by a compressor of capacity of
1000 scfm at 12 psig pressure. The maximum Reynolds number considered in this study
did not exceed 20000 (based on the channel height and average flow velocity) due to the
limitations on the operating temperature of the compressor. The flow of air was manually
controlled by means of a throttle valve.
A cross-flow heat exchanger (6"x6") located at the entrance of the wind tunnel was
used to control the temperature of the air. The heat exchanger consists of four honeycomb
plate-fin segments. The chilled water was used as a coolant. The coolant water flow rate
was controlled by a throttle valve to achieve the desired temperature of the air at the
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entrance of the test section. The honeycomb construction of the heat exchanger had also
effect on straightening of the flow at the entrance of diffuser.
Next section of the wind tunnel that air encounters is a three dimensional diffuser. The
entrance cross-section of 6"x6" and the exit cross-section of 24"x24". The diffuser is used
to reduce the velocity of the incoming air over a relatively short distance without creating
any flow separations prior to the settling chamber. The flow separation as well as the
boundary layer instabilities may cause undesirable oscillations in velocity and vibrations in
the wind tunnel. The flow separation is present in the diffusers with large expansion ratio
over a short distance, whereas boundary layer instabilities are encountered more often in
long diffusers with small divergence angle due to the thicker boundary layer. A desired
performance of our diffuser is achieved by means of screens in the diffuser, and
honeycombs at the exit and the inlet of the diffuser. The presence of screens and
honeycombs resulted in the delay of separation, control of the boundary layer thickness,
reduction of the axial turbulence, and reduction of nonuniformities of the mean flow.
Screens used in the design of the diffuser were made of wire (diameter 0.012", mesh size
30x30, opening 0.0213" with porosity 0.410). A honeycomb (Cynamid, N5052, 0.0625")
at the exit of the diffuser was used to reduce the lateral velocities.
Settling chamber (24"x24"), which follows diffuser, comprised of combination of
honeycombs and screens (mesh 20x20, wire diameter 0.016", opening 0.034", porosity
0.462), further smoothes out the flow nonuniformities. The honeycomb placed at the
junction of the diffuser and the settling chamber damps out the lateral motions.
After the settling chamber air encounters three dimensional contraction with the
contraction ratio of seven (from 24"x24" cross-section at the entrance to 9"x9" cross-
section at the exit). The role of this contraction is to further reduce flow nonuniformities
and level of turbulent fluctuations.
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Figure 7. Schematic of the wind tunnel facility.
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The next segment of the wind tunnel is a smaller size settling chamber (9"x9" cross-
section). This small settling chamber is followed by a two dimensional contraction (from
9"x9" cross-section at the entrance to 9"x1" at the exit), which has a contraction ration of
nine and is the last segment of the wind tunnel before the test section. The exit of this last
section is at the same time the entrance of the test section.
All segments of the wind tunnel, except the first contraction are made of high quality
plywood. Walls of the first contraction are made of Formica. The whole structure is bolted
to the laboratory floor, and is free of any appreciable vibrations under the experimental
conditions.
4.2.2 Flow measurements test section
Figure 8. shows a schematic of the test section used for flow measurements. A United
Sensor pitot-static tube (3/32" OD) and a thermocouple (T type) are inserted in the first
segment of the test section. This pitot static tube is mounted on a traversing mechanism
that is manually operated and facilitates the vertical motion of the pitot static tube. Six
pressure taps (1/16" OD, 1/32" ID) are installed on the top wall of the middle section.
Spacing between two consecutive taps is 20 cm which is integral multiple of the separation
between eddy promoters. Figure 9. shows sublayer fence type shear probe used for wall
shear stress measurements. The shear probe is inserted through the hole at the bottom wall
of the middle segment, as indicated in Figure 8. Top of the cylindrical part of the shear
probe is flush with the surface of the bottom wall. The fence protrudes into the channel
and is perpendicular to the direction of the flow. Hot wire probes are mounted on the
traversing mechanism in the last, third, segment of the test section. The axis of symmetry
of the hot wire probes is aligned with the centreline of the channel.
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Figure 8. Schematic of test section used in flow measurements.
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Figure 9. Schematic of the sublayer fence type shear probe used in experiments.
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4.2.3 Heat transfer measurement test section
The first segment of the test section used for the heat transfer measurements is the same as
the first segment of the test section for the flow measurements. Figure 10. shows
placement of the heaters on the surface of the top wall of the middle section, which is
exposed to the flow. Kapton insulated strip heaters (Omega KH-812, and KH-808) are
bonded to the surface of the top wall with high temperature epoxy. T-type, copper-
constantan, thermocouples (0.005" diameter) are inserted through the top wall and are in
intimate contact with the heaters. Temperature measurements which were used in
calculations of Nusselt number were performed in the region shown in Figure 11.
Distribution of thermocouples, as shown in Figure 11., allowed measurements of the wall
temperature over one periodicity length for all investigated geometries without having to
move eddy promoters.
To eliminate radiation losses from the heaters thin aluminum foil is attached to the
surface of the heaters, which is exposed to the flow, with a very thin film of vacuum
grease. Eddy promoters were not heated during experiments. The last segment of the test
section is the same as for the flow measurements with the exception that hot wire probes
were not present.
4.2.4 Eddy promoters
Solid brass cylinders of 5.03mm in diameter are used as eddy promoters for cases: 825C,
425C, and 225C. For cases 835C, 435C. and as a two dimensional part of the 3D2D case
solid aluminum cylinders of 7.93 mm in diameter are used as eddy promoters. For three
dimensional cases 3D1 and 3D2 and for the three dimensional part of 3D2D geometry
middle section, section with larger diameter (cf. Figure 6), of the eddy promoter is made
of aluminum cylinder of 7.93 mm in diameter through which a hole of 1/8" in diameter is
drilled. Through this, 1/8" diameter, hole a stainless steel rod of the same diameter is
inserted. Aluminum section is then centered and bonded to the stainless steel section. All
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Figure 10. Schematic of the test section used in heat transfer measurements.
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eddy promoters are 22.16 cm in length. Ends of eddy promoters are fastened to two long
aluminum rails (height 2.568 cm, width 3.6 mm) with flat head screws. Such an assembly
made of aluminum rails and eddy promoters snugly fits inside the channel. aluminum rails
are long enough to protrude out of the exit of the channel thus providing means for axial
motion of the assembly inside the channel and positioning of eddy promoters. Eddy
promoter assembly reduced the width of the channel to 22.16 cm.
Presence of eddy promoters significantly reduced hydraulic and thermal entry length,
which assured that flow is hydraulically fully developed when it passes over the shear
probe, and hydraulically and thermally fully developed before the section where the wall
temperatures, used in calculation of heat transfer coefficient, are measured.
4.3 Flow measurements
Pressure measurements are performed using MKS-Baratron pressure transducer with 1
torr sensing head. MKS-Baratron pressure transducer is high accuracy variable
capacitance diaphragm pressure transducer with capability of measuring 10-5 to 10-6 torr
with our sensing head. The transducer is connected to the pressure taps and pitot-static
tube with flexible Teflon tubings. High accuracy electronic display MKS-270B, which has
an analog output port, is connected to the transducer.
Thermocouple at the entrance in the first segment of the test section (see Figure 8.) is
used for measurements of the temperature necessary for determination of density, p, and
kinematic viscosity, v, as two necessary physical properties for data reduction. Density
and kinematic viscosity are calculated from the tables of physical properties available in
the literature ( Mills [22]).
All velocity measurements used for evaluation of Reynolds number are obtained by
traversing pitot-static tube across the channel height in the first segment of the test section
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(see Figure 8.). Mean velocities at each particular vertical position are obtained from the
difference between the total and static pressure and making use of the incompressible
Bernoulli's equation. The pitot-static tube was aligned with the flow direction, and was
always kept at least one outer probe diameter away from bottom and the top wall to avoid
errors due to the interaction of probe with walls. Mean velocity profile obtained from the
traversal of the pitot tube is then numerically integrated using the trapezoidal rule and
averaged in order to calculate average velocity. This average velocity is then used in
calculation of Reynolds number. Error for Reynolds number, calculated in such a way, is
estimated to be at most 9%.
Measurements of the axial profile of the average velocity at y/H=0.19 and fluctuating
longitudinal, u, and normal, v, velocity fluctuations, over one periodicity length, are made
using two sensor hot-wire probe, X-probe, (DISA 55A32 with TSI 1750 constant
temperature anemometer bridge). The X-probe is calibrated in the last segment of the test
section (see Figure 8.) against the pitot-static tube. Directional sensitivity of the wires is
determined, as suggested in Bradshaw [4], by yawing the X-probe from -20o to +200 with
respect to the flow direction, with increments of 50° . The calibration of the probe is
validated through the comparison of fluctuating v component of the velocity for turbulent
flow with data available in the literature, Schlichting [31], Hinze [9]. Single sensor hot
wire probe, U-probe, (TSI 1210-T1.5 ) is used for the purpose of qualitative analysis of
the power spectra used in determination of transition to turbulence. This hot wire probe,
U-probe, was not calibrated. The X-probe was used for obtaining one dimensional power
spectrum Pyy only, because, as it is pointed in Wyngaard [391 and Wyngaard [40], one
dimensional power spectrum Pxx may be contaminated due to the cross-talk between
wires.
Friction factor was calculated from the calculated pressure gradient in the region
where the flow is hydrodynamically fully developed and from the calculated average
velocity. Friction factor is given by:
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f= L ) 2 ) (19)
PUav
where AP/L is pressure gradient in the region where the flow is hydrodynamically fully
developed.
Shear stress was calculated from the measurements of the pressure difference between
pressure in front of and behind of the fence, of the sublayer fence type shear probe shown
in Figure 9. Pressure difference between the pressure in front and back of the fence is
directly related to the wall shear stress. Shear probe is calibrated in the plane channel
Poisuille flow. This calibration is later used in calculation of the local shear stress for flows
with eddy promoters. Measurements of the local shear stress are performed at different
streamwise locations relative to the cylinder. Profile of the shear stress at the wall over
one periodicity length is then integrated using trapezoidal rule and averaged. Error on
shear Reynolds number calculated from shear stress at the wall, evaluated in such a way, is
estimated to be at most 8%.
The height of the fence expressed in wall units, h+, for our experimental conditions
was always less than 3.0, which insured that probe is completely within laminar sublayer.
All instruments used in this study are connected to an acquisition board (MetraByte
DAS-8), which is connected to the IBM PC/AT computer. Data acquisition software
written in Pascal programming language is developed. For the purpose of calculating
power spectral densities and calibration of the X-probe computer package Matlab is used
in conjunction with computer code developed in Matlab's language to facilitate these
calculations.
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4.4. Heat transfer measurements
To perform heat transfer measurements Kapton insulated electrical strip heaters, of the
same wattage density, are bonded to the channel top wall. Heaters are connected in
parallel. Heat flux (q") is calculated from measured resistance of the heaters and the
voltage drop across the heaters. Local bulk temperature, Tb(x), is calculated from the
measured bulk temperature of the fluid at the entrance of the test section, calculated mass
flow rate, rh, and calculated heat flux, q" as:
q"W
Tb(X) = Tb(O)t .x (20)
mCp
Since properties of the fluid depend on the fluid temperature they are evaluated at the film
temperature, (Tw(x,z)+Tb(x))/2. Local heat transfer coefficient, h(x,z), is calculated from
the measured local wall temperature, Tw(x,z), calculated heat flux, and calculated local
bulk temperature. Heat transfer coefficient is given by:
h(x, z) = q (21)
lK(TW (x,z)- Tb(x))
Local Nusselt number, Nu(x,z), was calculated from the calculated local heat transfer
coefficient as:
h(xz)HNu(x,z) = (22)
K
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Average Nusselt number is calculated based on an average heat transfer coefficient
evaluated by integrating the profile of h(x,z) over one periodicity length2 and then
averaging it. Error for average Nusselt number is estimated to be 11%. Due to the
dependence of the fluid properties on the temperature of the fluid, Reynolds number was
changing in the streamwise direction. Reynolds number, associated with each Nusselt
number, is calculated by integrating the Reynolds number profile over one periodicity
length and then averaging.
Temperatures are measured using copper-constantan thermocouples. Thermocouples
were connected to MetraByte EXP-16 data acquisition board which is connected to the
IBM PC/AT computer. For data acquisition a software written in Turbo Pascal is
developed.
2For two-dimensional cases, due to two-dimensionality of the flow, integration was carried out at z=O for
O<x<L. For there-dimensional cases integration was performed for O<x<L and O<z<0.55(W/2) (i.e. region
over which temperature of the wall was measured).
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Chapter 5.
Experimental Results and Discussion
5.1 Introduction
In this chapter experimental results of channel flows with eddy promoters are presented.
Experimental way of determination of transition is discussed in section 5.2. In section 5.3
fluid flow results are presented. In 5.3.1. experimental results for three dimensional cases
are presented and discussed together with six two-dimensional cases: five eddy promoter
cases and plane channel case. In 5.3.2 structure of the flow, for three dimensional cases, in
the streamwise direction is described. In 5.3.3 qualitative analysis of the flow in the
spanwise direction is presented. In 5.4 heat transfer results are discussed. Heat -
momentum transport analogy is discussed in 5.4.1. In 5.4.2 the plane channel flow results
are presented. In 5.4.3 experimental results for eddy promoter cases are shown and
compared. Spatial distribution of Nusselt number for three dimensional cases is also
discussed in 5.4.3. Optimization results for eddy promoter cases are presented and
comparison with plane channel is made in 5.5
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5.2 Experimental Determination of Transition
Although there is no precise definition of what turbulence is, all flows which are regarded
as turbulent have a common set of characteristics that distinguishes them from even very
complex laminar flows.
Turbulence is characterized by a continuous broad band energy cascade. The energy
cascade is a consequence of a production of small eddies from large ones. Small eddies are
produced by reduction in size of large eddies due to the action of dynamic forces. On the
other hand if the size of the eddy is small enough it will be dissipated mainly by viscosity
alone. In between these two regions both causes (i.e., influence of both dynamic forces
and viscosity) play equal role. These three stages form the energy cascade. Continuity of
the reduction in size results in continuity of energy cascade in Fourier space.
The existence of continuous broad band energy spectrum in turbulence implies broad
band power spectral density (PSD) of the fluctuations by means of which turbulent flow
can be distinguished form complex laminar flows with multiple frequencies. Since the
dynamics of production of small eddies from large ones is the same for all turbulent flows
PSD's of turbulent flows that have evolved under different circumstances (e.g.. buoyancy
and shear driven flows) look remarkably similar with exception of large eddies because
they retain much of the information regarding the boundary conditions. Figure 12 shows a
typical PSD of turbulent flows.
Power spectral density has been successfully used in the past (e.g. Gollub and Sweeny
[7] and Kapat [11]) in determination of the transition to turbulence. In this study
qualitative analysis of PSD's is also used in detection of transition.
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Figure 12. PSD of fluctuating streamwise component, plane channel, Re=3300.
5.3 Fluid flow results
5.3.1 Transition to turbulence for flows in the presence of eddy
promoters
Table 2. presents the summary of experimental results. The first seven cases (two
dimensional cases) are adopted form Kapat [11]. Shear Reynolds number is defined as:
Re, = (23)(w)/ p(H/2)
v
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where (t,) is mean shear stress at the wall averaged over one periodicity length as:
(24)
L
From Table 2. can be seen that for both two and three-dimensional cases Ret at the
transition to turbulence stayed approximately invariant. This finding is in good agreement
with Re=( 4 0- 6 0) proposed by a simple model presented in Chapter 4. Three dimensional
geometries also exhibited transition to turbulence at the flow Reynolds number which is
2-3 times smaller than the one for the plane channel flow (non augmented system).
Table 2. Observed values for: Retrans, and Rex at transition.
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Case Retrans Rer
Plane Channel [11] 1465-1584 49-52
825C [11] 880-988 49-53
425C [11] 698-815 46-51
225C [11] 610-695 47-51
835C [11] 560-688 43-49
435C [11] 380-430 41-46
3D1 650-750 41-45
3D2 550-620 38-41
3D2D 1400-500 135-40
Small but systematic reduction of the values of ReT for the cases where the density of
eddy promoters is high, and/or diameter is approaching the integral length scale of the
system, is evident from Table 2. This trend is observed for both, two- and three-
dimensional cases. This behavior is attributable to the fact that in those cases we might
have a significant mean vorticity generation (i.e. vorticity production on the system's
integral scale) whose effects are not entirely captured by the value of the mean wall shear
stress (which is used in the definition of Rex ). To substantiate this supposition the
structure of turbulence in channel flows in the presence of eddy promoters is probed by
means of the hot wire anemometer.
5.3.2. Structure of the flow in streamwise direction
To explain the variation of Rex for different cases, the structure of the flow in streamwise
direction is investigated. This is achieved with the aide of streamwise distribution of U,
r.m.s. of fluctuating streamwise, u', and r.m.s. of fluctuating normal, v', velocity, as well
as power spectral densities of v'.
Figure 13. shows a profile of the average velocity in the streamwise direction for 3D1
case and two different Reynolds numbers around transition. Normal and spanwise position
of the X-probe are y/H=0.19 and z/(W/2)=0.0 respectively. Eddy promoters are placed at
x/L=0.0 and x/L=1.0. Shape of the average velocity profile in the streamwise direction
indicates that the strongest deceleration of the flow occurs over 0.0<x/L<0.2 for both
Reynolds numbers.
Figure 14. shows streamwise distributions of r.m.s. u' and r.m.s. v' for 3D1 case, and
same Reynolds numbers as in Figure 13. From Figure 14. it can be seen that maxima in
the distributions of u' and v' concide with the upper limit on the region of the strongest
deceleration. Higher values of u' than v' at the same location indicate anisotropy of the
turbulent flow.
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Figure 13. Streamwise profiles of local mean velocity, 3D1 case, for Re=633 and Re=786,
at y/H=O. 19 and z/(W/2)=0.0 over one periodicity length.
Initial increase in magnitude of r.m.s. u' and r.m.s. v' for 0.0 < x/L < 0.2 indicate
imbalance in production and dissipation of turbulence. In this region production outweighs
the dissipation (i.e., higher production of turbulence than is dissipation of turbulence).
Decrease in magnitude of u' and v' for x/L > 0.20 indicate that flow is in fact decaying
turbulent flow. In other words, for these flow rates if it had not been for the eddy
promoter the flow will relaminarize, therefore showing that periodically placed eddy
promoters are necessary in order for turbulence to be sustained.
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Figure 14. Streamwise profiles of r.m.s. u' and v', 3D1 case, for Re=633 and Re=786, at
y/H=O. 19 and z/W=0.0 over one periodicity length.
To further investigate influence of eddy promoters, PSD's of the fluctuating normal
component of velocity at various streamwise locations, which are presented in Figure 15.
are examined. The first peak in PSD's corresponds to the primary frequency of shedding,
os, from the eddy promoter. Upon closer inspection of PSD's in a range 0.05 < x/L < 0.20
it can be seen that the energy of the sheded vortex is an order of magnitude greater than
the energy contained in the next most energetic vortex. To quantify the magnitude of
perturbation produced by shedding off the eddy promoter following analysis is performed.
In Tennekes and Lumley [35] pp. 214-215 it is shown that mean square amplitude of the
Fourier coefficient la(o) 2 of v'(t) at frequency co, is related to power spectral density
through:
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where 1/T is bandwidth. Using equation (25), r.m.s. velocity of the shedded vortex, vs,
can be estimated as:
vs PY (Cos) (26)
By using equation (26), Pyy (w) from Figure 15, and r.m.s. v' from Figure 14 it can be
shown that for 0.0 < x/L < 0.2 vertical velocity of the shedded vortex, vs is approximately
(0.4-0.6) ,2. Since r.m.s. of fluctuating pressure, , can be estimated as,
Tennekes and Lumley [35] pp. 69:
4p2 -pv ' 2 (27)
Magnitude of the pressure fluctuations coming from the shedded vortex, s, can be
estimated as:
Ps PVs2 (28)
By using relation between vs and v' 2, equation (27), and equation (28) we see that
shedded vortex provides approximately 20% - 40% of total pressure fluctuations. The
length scale of this most energetic eddy is approximately equal to the diameter of eddy
promoter, which is of the same order as the integral scale of our system. Since the origin
of the shedded vortex is at the eddy promoter, and not the channel walls, it represents
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additional (i.e., additional to the perturbations coming from the rolled-up vorticity whose
origin can be traced to the channel walls) external perturbation to the viscous layer, at the
systems integral scale. Following the argument presented in section 4.3. it is plausible to
conclude that such perturbation could increase system's capacity to sustain turbulence by
lowering the requirement on shear stress at the wall. Increase in systems capacity to
sustain turbulence could explain the aforementioned decrease in shear Reynolds number at
transition.
To validate assertion about the flow being decaying turbulent flow for x/L > 0.2 we
further examine Figure 15. concentrating on the behavior of small scale motions. Small
scale motions, which are represented by high frequencies, are the most vulnerable to
viscous dissipation. Therefore in the case of inadequate vorticity production, small scale
motions will be first to disappear. By inspection of Figure 15. in the region of higher
frequencies it can be seen that Pyy at x/L=0.9 is five to ten times smaller than Pyy at
x/L=0.3 for the same frequency and same Reynolds number. This observation indicates
that small scale motions rapidly loose their energy in the downstream direction.
We now examine the streamwise structure of the flow for 3D2D case. The hybrid
3D2D case, because it is formed of two- and three-dimensional eddy promoters caries
certain information about the flow in the presence of two dimensional eddy promoters.
Streamwise average velocity profile for Re=509, turbulent flow, at y/H=0.19,
z/(W/2)=0.0, and over one periodicity length is depicted in Figure 16. Two dimensional
eddy promoter is placed at x/L=0.0 and x/L=l.0. Three dimensional eddy promoter is
placed at x/L=0.5. From Figure 16. we can see that the mean flow is three dimensional.
The three dimensionality of the mean flow is reflected in the difference between the
average velocity underneath two dimensional and three dimensional eddy promoter. The
average velocity underneath three dimensional eddy promoter is approximately 10% less
than the average velocity underneath two dimensional eddy promoter.
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Figure 16. Streamwise profile of local mean velocity, 3D2D case, for Re=509, at
y/H=O. 19 over one periodicity length.
Figure 17. shows streamwise distribution of r.m.s. u' and r.m.s. v' for 3D2D case for
Re=509, at y/H=0.19 and z/(W/2)=0.0. From Figure 17. can be seen that although the
flow is redistributed, to accommodate variable cross-section, respective u' and v' for 0.0 <
x/L < 0.50 and 0.50 < x/L 1.0 are almost equal.
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Figure 17. Streamwise profile of r.m.s. u' and v', 3D2D case, for Re=509, at y/H=0.19 and
z/(W/2)=0.0 over one periodicity length.
This observation indicates that perhaps three dimensional destabilization, which more
closely mimics turbulent perturbations, is as efficient method of destabilization as a two
dimensional one.
Figures 18. and 19. show PSD's at various x/L locations downstream from two-
dimensional eddy promoter but upstream from three-dimensional one, and various x/L
locations downstream from three-dimensional eddy promoter but upstream from two-
dimensional one, respectively, and y/H=0. 19 and z/(W/2)=0.0.
By investigating PSD's, shown in Figure 18. and Figure 19, it can be seen that primary
frequency of vortex shedding is for two-dimensional eddy promoters is approximately 10
Hz whereas for three dimensional eddy promoter is approximately 9 Hz. This shift in
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frequency is attributable to three dimensionality of the flow (i.e. redistribution of the flow
to accommodate the path of least resistance).
5.3.3. Some Characteristics of the Flow in Spanwise Direction
The structure of the flow, in the presence of three dimensional eddy promoters, in
spanwise direction is of particular interest because it contains the information on the
lateral spreading of turbulence. Lateral spreading of turbulence in itself indicates whether
the increased vorticity production in the centre region is sufficient enough to support
turbulence in the off centre regions.
Figure 20. shows PSD's of the fluctuating streamwise component of the velocity for
3D2D case for Re=509, at x/L=0.625, y/H=0.5 and two z/(W/2) locations. Three
dimensional eddy promoter is located at x/L=0.5. Spanwise location of the hot wire sensor
is indicated by an asterix ("*") in the insets of Figures 20a and 20b. For Reynolds number
in question, Re=509, if it had not been for three-dimensional eddy promoter, which would
correspond to the case 835C, the flow would still have been laminar. This allows the
following analysis to be applicable to all three-dimensional eddy promoter cases. By
inspection of Figure 20. it can be concluded that turbulence is not restricted only to the
centre part of the channel but has spread to the channel sides (to at least z/(w/2)=0.5),
which is manifested by the presence of the broad band energy cascade. From Figures 20a
and 20b it can also be found that magnitude of fluctuations decrease with increase in
distance from the centreline.
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5.4. Heat Transfer Results
5.4.1. Heat - Momentum Transport Analogy
In the earliest reported work on this subject, Reynolds [27] expressed the idea that,
locally, momentum and heat transport are related in a simple way. This relationship
between momentum and heat transport is known as the Reynolds's analogy. Investigations
of the validity of Reynolds's analogy is the very core of much of the past (e.g. Taylor [34],
Colbum [5]) and the current (e.g. Kozlu [15], Karniadakis et al.[12]) research and
practice (Kays and Crawford [13])
Expressed in a non rigorous manner, the analogy states that for flows in which
turbulent transport of momentum and heat is a dominating way of transport, and velocity
and temperature boundary conditions are similar, shear stress at the wall which is a
representative of the momentum flux and the heat flux scale similarly. These criteria are
typically met in turbulent flows with the exception of a relatively small region near the
wall, the viscous layer. The reason being that in turbulent flows Reynolds stress and
Reynolds flux terms are large compared to the molecular diffusion by mean gradients.
Although it was experimentally found that Reynolds's analogy is quite applicable in
number of different types of flows, no rigorous theoretical work which proves the validity
of Reynolds's analogy for general flows exists to date.
As a possible source of error, in Reynolds's analogy, Taylor [34] pointed to the effect
of local pressure differences, which are inherent to all turbulent flows. Local pressure
fluctuations can alter the momentum of the fluid at any point without altering its
temperature.
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Locally, Reynolds's analogy can be mathematically expressed in the following form:
W (29)
K( / ) (U / )
where q", AY, w,, and U are local: heat flux, characteristic temperature difference, time
averaged shear stress at the wall, and a characteristic velocity respectively, and is
characteristic length scale. Parameter y, 'Reynolds's analogy constant', is the only non-
dimensional parameter. If the Reynolds's analogy applies, parameter y defined by equation
(29), is a constant close to unity for fluids with Pr=l and is independent of the flow
geometry and Reynolds number. Moreover, for fluids with Pr•l, Y is a function of Prandtl
number only.
Theoretical models of turbulence, surface renewal models (Thomas [37], Mikic [17]),
suggest that y - Pr-1/3 . This theoretical dependence of 7 on Prandtl number is in good
agreement with experimental findings that y - r-0.33-Pr-04.
For plane Poiseuille flow Reynolds's analogy takes the following form:
" - w
=1 (30)K(AT / H) g(Uav / H)
where AT represents the time average of wall to bulk temperature difference.
For flows in the presence of periodically placed eddy promoters tw, U , and AY change
over one periodicity length. To account for these changes local Reynolds's analogy,
equation (29) is averaged over one periodicity length giving the following expression:
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yq"i 1 i[Tw(x,z)-Tb(x)]- dA= H f1 |w A (31)
1 A g A A U
For two-dimensional eddy promoter configurations where diameter of eddy promoters is
small and/or their density is small, changes in U over one periodicity length are not
significant so that following approximation of the equation (31), Reynolds's analogy
averaged, can be introduced:
Y q"H (XT--I)- (w) (32)
K [(Uav / H)
where Uav is the average velocity in the unobstructed channel, (w) is mean shear stress
at the wall averaged over one periodicity length, equation (24), and (AT 1) is the inverse
of the mean of the wall to bulk temperature difference averaged over one periodicity
length.
For fluids with Pr>0.6 equation (32) can be expressed in the following way using our
definitions for Nusselt, Reynolds, and shear Reynolds number and substituting = Pr -1 /3
as:
2
Nu 4 Re Pr/3 (33)
Re
where Nu, Re, and Ret are based on the channel height. Because of the approximate
invariance of Rex at the transition, the transitional Nusselt number (Nutrans) should be
inversely proportional to the transition Reynolds number (Retrans), that is:
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const.
Nutrans c-- s (34)
Retrans
This means that using augmentation techniques based on enhanced vorticity generation,
one should be able to get not only transition at lower flow rates, but also heat transfer
rates in the transition region will be higher than the ones corresponding to the non
augmented systems at their respective transition Reynolds numbers.
Recent numerical experiments, Karniadakis et al. [12], for eddy promoter flows in the
laminar regime close to transition to turbulence showed that Reynolds's analogy is
reasonably valid.
5.4.2. Plane Channel Case
The plane channel was tested in the turbulent flow regime, and the results were compared
with findings of Sparrow et al. [29]. Our experimental results for this case, asymmetrically
heated plane channel, were in good agreement with results reported in Sparrow et al. [29].
It should be noted that for the asymmetrically heated channel, only top wall is heated
while the bottom wall is kept adiabatic, the Reynolds's analogy is not rigorously satisfied.
The disagreement between the prediction using Reynolds's analogy and the observed heat
transfer rates should be most pronounced at lower flow rates due to the inadequate
mixing. Therefore one may expect lower heat transfer rates than what analogy would
yield. This expectation is confirmed in experiments reported in Sparrow et al. [29]. In
Kakac et al. [10] authors calculated the deviation of Sparrows data form the correlation
proposed by Gneilinski, which is derived on the basis of the analogy between heat and
momentum transport in pipes, to be at most -20%. Gneilinski correlation is used as a
reference correlation for plane channel flow for our experiments.
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5.4.3. Heat Transfer in the Presence of Eddy Promoters
Values of predicted Nusselt numbers, using equation (33) and measured wall shear stress
(cf. Table 2.), and observed Nusselt numbers for investigated eddy promoter cases in the
transition region are shown in Table 3.
Observed Nusselt number is calculated using local heat transfer coefficient (defined
with equation (21)) in agreement with equation (31), in the region where flow is fully
developed, as:
L - h(x,0)dx-, for 2Dcases
Nu(observed) = qH [T1 o C = (35)
K r- I 0.55x(W/2)L H
l [L 55x(W/2) I f h(x,z)dxdz, for 3D cases
From Table 3., it can be seen that insertion of eddy promoters significantly increased
Nusselt number. If the respective Nusselt numbers at transition for flows in the presence
of eddy promoters are compared with Nusselt number at transition for plane channel flow
we can see that for all eddy promoter cases Nusselt number at transition is higher than the
one for the plane channel. If the comparison is made on the basis of Gneilinski correlation
Nusselt number at transition for eddy promoter cases is found to be 1.5 - 2.5 times higher
than the one for the plane channel. If comparison is made on the basis of Reynolds's
analogy increase is 1.2 - 2 times. Therefore, we can conclude that transitional Nusselt
number for eddy promoter cases is higher than the one for the plane channel case despite
the fact that the transitional Reynolds number for eddy promoter cases is lower than the
one for the plane channel case.
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A=(Nutrans(predicted)-Nutrans(observed)* 100/Nutrans(predicted)
Table 3. Observed and predicted values of Nusselt number at transition and percent
difference between them.
3 Obtained using Gneilinski correlation, and Blazius expression for friction factor.
4 Obtained from Reynolds analogy, equation (33) and using measured shear stress at the wall.
5 Calculated with Nutrans(prediction) calculated from Gneilinski correlation.
6 Calculated with Nutrans(prediction) calculated from Reynolds's analogy
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Case Nutrans (observed) Nutrans (predicted) A (%)
Plane Channel 5.8 4.913 -18 5
(Retrans=1550) 1 6.04 3.33 6
825C 10-10.48 9.6-9.91 -4.17 - -5.75
(Retrans=8 8 0-98 8 )
425C 10.71-11.346 10.77-11.33 0.6 - -0.1
(Retrans=6 9 8-8 15)
225C 11.86-12.1 12.86-13.29 7.77 - 8.95
(Retrans=6 10-6 9 5)
835C 10.07-11.12 11.73-12.39 14.1 - 10.25
(Retrans=56 0-68 8)
435C 10.44-10.72 15.71-17.47 33.54 - 38.63
(Retrans=3 8 0-4 3 0)
3D1 7.63-8.00 N/A N/A
(Retrans=6 5 0-7 5 0)
3D2 8.35-8.67 N/A N/A
(Retrans=550-62 0)
3D2D 8.93-9.76 N/A N/A
(Retrans=4 0 0 -500)
To examine validity of prediction by Reynolds's analogy averaged, equation (33) Figure
21. is plotted.
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Figure 21. Variation of Nu*Pr-1/3 /4*Ret 2 at transition as a function of Reynolds number
at transition for all investigated two-dimensional eddy promoter geometries, and plane
channel.
From Figure 21. it can be seen that for eddy promoter cases with small diameter and/or
low density Reynolds's analogy averaged yields satisfactory prediction. However, with
increase in density and/or diameter of eddy promoter the departure of prediction from
experimentally observed values increases.
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As a plausible explanation for this behavior, the following qualitative argument is
offered. Eddy promoter and a wake, with virtually zero mean velocity, behind it form a
region that acts as an obstruction to the flow. This region effectively reduces the available
cross-section for the fluid flow over its extent. Therefore, for the part of one periodicity
length covered by this region (i.e., eddy promoter-wake region), the local mean velocity
over an active part of the cross-section will be greater than Uav. After the region
composed of an eddy promoter and the associated wake the local mean velocity, again,
assumes value of Uav. Experiments have shown that distribution of the local mean shear
stress at the wall has a pronounced peek at a position underneath an eddy promoter.
Therefore the right hand side of the equation (31), Reynolds's analogy averaged, is
maximized by approximating U with Uav. Since the height of the wake is approximately
equal to the diameter of an eddy promoter, it can be shown that over the eddy promoter -
wake region the local mean velocity for the case of eddy promoters with large diameter is
approximately 1.5 Uav, whereas for eddy promoters with small diameter the local mean
velocity is approximately 1.25 Uav. Also, for bigger eddy promoters acceleration of the
fluid underneath an eddy promoter is more pronounced leading to larger difference
between the mean shear stress underneath an eddy promoter and the mean shear stress in
the region not affected by eddy promoter. This leads to larger values of the mean shear
stress at the wall averaged over one periodicity length than what shear stress at the wall is
for the most of the one periodicity length (i.e., over the region not affected by eddy
promoter). Hence, the departure of the prediction by equation (33) from experimental
results is more pronounced for eddy promoters with large diameter than for the ones with
the small diameter. At the same time, due of the presence of an eddy promoter the flow
redistributes around it in such a way as to bring the hotter fluid close to the heated wall
and colder fluid close to the insulated wall (we recall that only one wall was heated). Due
to the redistribution of the flow, the hot stream underneath an eddy promoter has higher
bulk temperature than what would be the bulk temperature based on the total mass flow
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rate, equation (20). Communication between the hot and the cold stream after an eddy
promoter is expected to be less effective because of the wake. Therefore the hot wall is
cooled with the fluid whose mixed mean temperature is higher than what is the bulk
temperature based on the total mass flow rate, equation (20). Since the two halves of the
flow do not thermally communicate in the immediate vicinity of the eddy promoter the
local wall to mixed mean temperature difference will be lower than the local wall to bulk
temperature difference over the distance corresponding to the length of the eddy
promoter-wake region due to the higher local mixed mean temperature than what is the
bulk temperature calculated by equation (20). Therefore, by choosing (AT 1) as a
characteristic inverse temperature difference, which is smaller than what the local inverse
wall to mixed mean temperature difference averaged over one periodicity length is, the left
hand side of the equation (31), Reynolds's analogy averaged, is minimized. Since for eddy
promoters with small diameter, length of the wake is smaller than for the ones with large
diameter, this effect will be more pronounced in the case of large eddy promoters. With
the increase in the density of eddy promoters the total area of the channel wall affected by
the aforementioned effects will increase leading to larger discrepancy between observed
and predicted values of Nusselt number (as calculated by equation (33)). This is the reason
why for cases where eddy promoters are of the same diameter but different densities, the
departure of prediction by equation (33) from experimental results is greater for eddy
promoter cases with higher density. From the above argument it can be concluded that
equation (33) can be used for prediction of Nusselt number for flows in the presence of
two-dimensional eddy promoters where diameter and/or density of eddy promoters is
small. For eddy promoters of large diameter and/or high density the local wall to mixed
mean temperature difference, and the ratio of the local mean wall shear stress and the local
mean velocity, both averaged over one periodicity length are preferred choices in
calculation of Nusselt number.
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To examine the validity of prediction by Reynolds's analogy averaged, equation (33),
outside the transition region Figures 22 and 23 are plotted. Figure 22. and Figure 23.
show comparison between predicted Nusselt number, equation (33) and observed Nusselt
number for case 825C (small diameter, low density) and case 425C (small diameter,
density twice the one for 825C case) respectively. Predicted Nusselt number was
calculated using measured values of Ret, reported in Ratnathicam [25], for both, laminar
and turbulent regime, for these two cases. Close agreement between measured and
predicted Nusselt number is evident not only in the transition region but also for laminar
and fully turbulent flow.
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Figure 22. Case 825C, predicted, from measured shear stress and using equation (33)
Nusselt number, and experimentally determined Nusselt number as a function of Reynolds
number for laminar, transitional, and turbulent flow.
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Figure 23. Case 425C, predicted, from measured shear stress and using equation (33)
Nusselt number, and experimentally determined Nusselt number as a function of Reynolds
number for laminar, transitional, and turbulent flow.
The close agreement in the laminar regime for both geometries is indication of strong
mixing due to the existence of self sustaining oscillations. Validity of the prediction by
equation (33) in the laminar flow, for these two eddy promoter cases is in agreement with
numerical results reported in Karniadakis et al. [12].
To make comparison between Nusselt number for flows in the presence of eddy
promoters and the basic geometry, plane channel, Figure 24. is plotted. Figure 24. shows
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variation of Nusselt number with Reynolds number for all investigated eddy promoter
cases and Nusselt number for turbulent plane channel flow obtained from Gneilinski
correlation, and the exact solution for the laminar plane channel flow.
Significant increase in Nusselt number, for eddy promoters geometries with respect to
the plane channel case for the same Reynolds number, can be observed from Figure 24, for
lower and moderate flow Reynolds numbers. From this observation we can conclude that
insertion of eddy promoters significantly increased Nusselt number up to moderately high
Reynolds numbers, if compared to the plane channel case. However, slope of the Nusselt
number vs. Reynolds number curve, for all eddy promoter cases, is smaller than the slope
of the same for the plane channel flow.
From Figure 24. we can also see that with increase in Reynolds number, Nusselt
number for investigated eddy promoter geometries asymptotically approaches correlation
for the plain channel flow (Gneilinski correlation). This observation indicates that the
influence of the eddy promoter on increase in heat transfer coefficient, and therefore on
increase in Nusselt number, diminishes with the increase in flow rate.
To more closely investigate behavior of Nusselt number for flows in the presence of
eddy promoters we replot Figure 24. keeping only Nusselt numbers for eddy promoter
cases.
Figure 25. shows variation of Nusselt number with Reynolds number for all
investigated eddy promoter cases. Increase in slope of Nusselt number in fully turbulent
region with increase in Reynolds number is evident from Figure 25.
To explain this phenomenon we recall the conclusions made in section 5.3. that the
decrease in shear Reynolds number at transition is due to the significant anisotropic
vorticity production at the eddy promoter. However, with increase in Reynolds number
relative role of eddy promoters is decreasing due to the increase in fraction of vorticity
produced at the channel walls. Because of the increase in vorticity production at the
channel walls relative to the one produced at the eddy promoter. This argument can serve
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as a plausible explanation for the asymptotic convergence of Nusselt number for eddy
promoter cases to the Nusselt number curve for the plane channel with increase in
Reynolds number, which can be seen from Figure 24.
10'
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Figure 24. Comparison of Nusselt number as a function of Reynolds number for all
investigated eddy promoter cases with Nusselt number for plane channel obtained form
Gneilinski correlation using available friction factor data for plane channel and Nusselt
number for laminar flow obtained from the exact solution.
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Figure 25. Variation of Nusselt number with Reynolds number for all investigated eddy
promoter geometries.
Next we comment on the behavior of Nusselt number for three dimensional eddy
promoters and try to support the above stated hypothesis on the nature of the flow field
and its implications to the trend of Nusselt number.
In Table 4. slopes of the wall temperature at the centreline, dTw(x,O)/dx, and the bulk
temperature calculated from equation (20), dTb/dx, in laminar and turbulent regime for all
eddy promoter cases, are presented. From Table 4., it can be seen that, while for all
investigated two-dimensional cases slope of the wall temperature at the centreline was
within several percent around the calculated slope of the bulk temperature, for all three-
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Case Re I dTb/dx [OC/m] dTw(x,0)/dx [OC/m]
650 17.1 16
225C 1030 13.6 14.2
1923 9.73 9.73
670 16.4 16.2
425C 1176 11.8 11.6
5704 5.44 6.12
611 15 15.1
825C 875 I 10.8 11.1
1092 11.2 9.95
440 19.2 19.2
435C 968 15.9 15.8
2766 7.47 6.79
555 18.5 17.7
835C 1590 8.65 10.5
5145 5.6 6.4
662 12.2 14.2
3D1 1375 9.89 17
5434 5.64 9.3
490 16 19.9
3D2 1287 10.6 16.1
3082 6.1 10.1
772 15.4 17.4
3D2D 1680 8.5 11.1
5940 5.42 7.09
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~,, , , 
Table 4. Slopes of the wall temperature at the centreline and bulk temperature for all eddy
promoter cases in laminar and turbulent regime.
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dimensional cases slope of the wall temperature at the centreline was always higher than
the slope of the bulk temperature. Difference in slopes of the wall temperature at the
centreline and the calculated bulk temperature is indication of redistribution of the flow
due to the presence of three-dimensional eddy promoter. Redistribution of the flow to
accommodate the path of least resistance resulted in decrease in average velocity in a
vertical plane of symmetry, (x,y,0) plane. This decrease in average velocity in the vertical
plane of symmetry resulted in increase in the slope of the bulk temperature, in that same
plane, that is not captured by the definition of the bulk temperature, equation (20). The
difference in slopes of the wall temperature at the centreline and the bulk temperature
defined by equation (20), led to lower values of observed Nusselt numbers, therefore
indicating unsuitability of using such definition of the bulk temperature for three-
dimensional flows. This also resulted in slight discrepancy in observed local Nusselt
numbers at two ends of one periodicity length (i.e. at x/L=O and x/L= 1).
Figure 26. illustrates the effect of Tb defined with equation (20) on Nusselt number for
three dimensional cases. In Figure 26. Nusselt number defined with equation (35) is
plotted together with Nusselt number at the centreline (i.e. at z/(W/2)=0) averaged over
one periodicity length as:
Nu=q"HK J[Tw(x,0)-Tb(x)] dx (36)
From Figure 26. it can be seen that spatially averaged Nusselt number for lower
Reynolds numbers is approximately 10% higher than Nusselt number at the centreline. It
can also be seen, from Figure 26., that with increase in Reynolds number for 3D 1 and 3D2
case there is a crossover of the curves of spatially averaged Nusselt number and Nusselt
number at the centreline.
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Figure 26. Variation of Nusselt number defined by equation (35) and Nusselt number
defined by equation (36) with Reynolds number for all investigated three dimensional
cases.
To explain the trend of Nusselt number curves form Figure 26., a detailed spatial
distribution of the local Nusselt number needs to be examined. To this end Figures 27 to
32 are plotted.
Before we proceed with the analysis it should be noted that variation of Nusselt
number in the spanwise direction at the fixed streamwise location is within the limits of
experimental error. However, since there exists a general trend, which can be seen from
Figures 27 to 32, we offer the following qualitative analysis as a possible explanation.
Figures 27 to 32 show distribution of local Nusselt number, for 3D1 and 3D2D cases,
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over one periodicity length in the streamwise direction and up to z/(W/2)=0.55 in the
spanwise direction, for various Reynolds numbers in laminar, transitional, and fully
turbulent flow regime.
Figure 27. shows distribution of local Nusselt number in the laminar regime for 3D1
(Figure 27a) and 3D2D (Figure 27b.) cases. From Figure 27., it can be seen that Nusselt
number increases in the spanwise direction away from the centreline.
x/L
a)
.o
x/L
b)
Figure 27. Distribution of local Nusselt number for a) 3D1 case, Re=465 and b) 3D2D
case, Re=285 over one periodicity length in streamwise direction, and for O.Oz/(W/2)<
0.55.
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Increase in Nusselt number in the spanwise direction can be ascribed to the
redistribution of the flow (higher flow rate to the sides of the channel) as a consequence of
existence of three dimensional eddy promoter, which lowered the velocity in the vertical
plane of symmetry and introduced the error in calculations of Tb that was based on the
total mass flow rate. From Figure 27b. it can also be seen that in the viscinity of two
dimensional eddy promoter, which is a part of 3D2D geometry, Nusselt number contours
tend to become perpendicular to the direction of the flow. This trend can be ascribed to
the fact that flow becomes two-dimensional in the viscinity of two dimensional eddy
promoter.
Figure 28. presents distribution of Nusselt number at the lower edge of transition
(approaching it from the laminar side). From Figure 28. we can see that Nusselt number
contours become more wavy, indicating increase in large scale mixing. The most notable
difference in the behavior of the Nusselt number at the lower edge of transition from the
laminar regime is shown in Figure 28b. Figure 28b. captures the behavior of Nusselt
number for 3D2D case. Tendency of Nusselt number contours to become perpendicular to
the direction of the flow is evident from this figure. Figure 28b also shows the distinct
region downstream form eddy promoter where Nusselt number is the lowest.
Figure 29. depicts the distribution of the Nusselt number at the upper limit of
transition. Tendency of the Nusselt number contours is much the same as at the lower
edge of the transition.
Figure 30. shows the contours of Nusselt number in already fully turbulent flow before
the change in slope in Nusselt number vs. Re plot (cf., Figure 28). From figure 30b it can
be seen that region behind three-dimensional eddy promoter where Nusselt number is the
lowest decreased in size in comparison to the same region from Figures 28b and 29b Also,
tendency of Nusselt number contours to become perpendicular to the direction of the
flow, observed in Figures 28b and 29b has become evident.
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x/L
a)
x/L
b)
Figure 28. Distribution of local Nusselt number for a) 3D1 case, Re=662 and b) 3D2D
case, Re=379 over one periodicity length in streamwise direction, and for O.O<z/(W/2)<
0.55
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Figure 29. Distribution of local Nusselt number for a) 3D1 case, Re=770 and b) 3D2D
case, Re=502 over one periodicity length in streamwise direction, and for 0.0<z/(W/2)<
0.55
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Figure 30. Distribution of local Nusselt number for a) 3D1 case, Re=1375 and b) 3D2D
case, Re=1 107 over one periodicity length in streamwise direction, and for O.0<z/(W/2)<
0.55
Figure 31. presents behavior of Nusselt number after the change in slope of Nusselt
number (cf. Figure 24.) and after the crossover of spatially averaged Nusselt number and
average Nusselt number at the centreline (cf. Figure 26.). From Figure 31. it can be seen
that for both three-dimensional geometries Nusselt number contours are almost
perpendicular to the direction of the flow except in the limited region around the eddy
promoter. From Figure 31a., 3D1 case, it can be seen that behind the eddy promoter at
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x/L = 0.6-0.8 for the first time Nusselt number is higher at the centreline of the channel
than off the centreline in the spanwise direction. Bearing in mind that mean velocity in the
vertical plane of symmetry is lower than outside of it, and taking into account inadequacy
of the bulk temperature defined on the basis of the total mass flow rate for three
dimensional flows, the true Nusselt number at the centreline will be even higher, and
conversely the true Nusselt number off the centreline will be lower. The fact that Nusselt
number is higher at the centreline than off the centreline, which is the cause of the
crossover, can be explained in the following way. It is feasible to assume that functional
dependence of the friction factor on Reynolds number of the region closer to the side walls
of the channel resembles more to the plane channel case, whereas the functional
dependence of the friction factor on Reynolds number in the centre region of the channel
resembles the two-dimensional eddy promoter cases. Kozlu [15], showed (for one two
dimensional eddy promoter geometry) that for Re>103 decrease in friction factor with
increase in Reynolds number for flow in the presence of eddy promoters is greater than the
same for the plane channel case (cf., Figure 4). This implies that with increase in Reynolds
number the rate of increase of the resistance to the flow of the centre region is smaller
than the rate of increase of the resistance to the flow of the region to the sides of the
channel. Because of this the flow redistributes less at higher flow rates than at lower ones.
Since the redistribution of the flow is less at higher Reynolds numbers the bulk
temperature defined by equation (20) approaches the true bulk temperature. Hence, the
effect of the bulk temperature, defined by equation (20), on the error on Nusselt number
decreases with increase in Reynolds number.
Figure 32. shows distribution of the local Nusselt number for fully turbulent flow at
Re=5431 for 3D1 case and Re=5940 for 3D2D case. From Figure 32a it can be seen that
the region where the Nusselt number at the centreline is higher has increased in size
compared to the one depicted in Figure 31 a.
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Figure 31. Distribution of local Nusselt number for a) 3D1 case, Re=2528 and b) 3D2D
case, Re=1680 over one periodicity length in streamwise direction, and for 0.0<z/(W/2)<
0.55
From Figure 32b. it can be seen that for 3D2D case Nusselt number contours are for
most of the one periodicity length perpendicular to the direction of the flow. Such
behavior of Nusselt number contours is a consequence of the smaller difference between
friction factor of the centre region and friction factor of the region away from the centre of
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the channel than what is the case for 3Di geometry, which is the consequence of the
presence of two-dimensional eddy promoter.
x/L
a)
CM
0
x/L
b)
Figure 32. Distribution of local Nusselt number for a) 3D1 case, Re=5431 and b) 3D2D
case, Re=5940 over one periodicity length in streamwise direction, and for 0.0<z/(W/2)<
0.55
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5.5. Optimization results
To be able to perform optimization study, in addition to dependence of Nusselt number on
Reynolds number, it is necessary to know dependence of friction factor on Reynolds
number. Friction factor evaluated, using equation (19), from experimentally determined
pressure drop as a function of Reynolds number is shown in Figure 33.
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Figure 33. Friction factor vs. Reynolds number for seven eddy promoter geometries and
laminar plane channel flow.
Intermediate step in optimization procedure is to find optimal pumping power, T, for
a given thermal load, A, and given enhancement geometry. Optimal pumping power as a
function of non dimensional inverse velocity, , for a fixed thermal load and various
enhancement geometries is shown in Figure 34.
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Figure 34. Variation of non dimensional pumping power, , with non dimensional inverse
velocity, , for non dimensional thermal load A=125, for seven eddy promoter
geometries.
By varying non dimensional thermal load, for the same enhancement geometry a set of
curves of non dimensional pumping power versus non dimensional velocity is obtained. As
an example a set of curves vs. RI, with A as a parameter, for 825C case is shown in
Figure 35.
For each enhancement geometry equivalent of Figure 35. is obtained. By connecting
minima of T for each A and for each enhancement geometry Figure 36. is obtained.
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Figures 35. Non dimensional pumping power vs. non dimensional inverse velocity for
825C case and various non dimensional thermal loads.
Results of optimization of pumping power for a given thermal load are presented in
Figure 36. Figure 36. shows variation of optimal pumping power for four two dimensional
cases and all three dimensional cases. By inspection of Figure 36. it can be seen that
highest savings in pumping power with respect to the plane channel case are indeed
obtained in the transition region. Required pumping power for eddy promoter cases is an
order of magnitude less than the one required for the plane channel flow for the same
thermal load. From Figure 36. it can also be concluded that eddy promoters not only
represent good augmentation technique for laminar flows, but also for turbulent flows
with moderate Reynolds numbers.
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Figure 36. Optimum pumping power for cases: 835C, 435C, 825C, 425C, 3D1, 3D2,
3D2D, and plane channel as a function of specified thermal load.
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Chapter 6.
Summary and Conclusions
The intent of this study is to explore ramifications of 'early' transition to turbulence on heat
transfer at and around transition to turbulence. Additionally, the influence of three
dimensional perturbation field on transition to turbulence induced by deployment of three-
dimensional eddy promoters was also considered.
This study showed that: a) deployment of three-dimensional eddy-promoters induced
turbulence at flow Reynolds numbers lower than the critical Reynolds number for the
plane channel flow, b) overall good agreement of Ret at transition, for three-dimensional
cases, with the range of Ret at transition proposed by a simple model is observed, c) for
three-dimensional eddy promoter cases turbulence spread throughout the channel span,
although primary perturbation was confined to the central section of the channel.
Study of heat transfer revealed that insertion of eddy promoters significantly increased
Nusselt number at transition to turbulence. Comparison of respective Nusselt numbers at
transition to turbulence for eddy promoter cases with that for the plane channel flow,
estimated using Gneilinski correlation, showed that Nusselt number at transition to
turbulence for eddy promoter cases is 1.5-2.5 times higher. Our study has shown that eddy
promoters not only displaced transition to turbulence at lower flow Reynolds numbers but
also increased Nusselt number at such lower critical Reynolds numbers above the one
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(i.e., Nusselt number at transition) for the plane channel flow at its respective critical
Reynolds number.
Heat transfer study also showed that choice of spatially averaged mean wall shear
stress, average velocity in the unobstructed channel, and spatially averaged heat transfer
coefficient in averaged Reynolds's analogy yields satisfactory prediction of transition
Nusselt number for the cases where diameter of eddy promoters is small and/or density of
the same is low. However, with increase in diameter and/or density of eddy promoters
predicted Nusselt number at transition diverges from experimentally determined values.
The departure from experimental observations is ascribed to the effects of eddy promoter-
wake region, on local mean velocity and local bulk temperature.
It is also found that for eddy promoter cases, Nusselt number asymptotically
approaches correlation for plane channel flow with increase in Reynolds number. This
trend is attributed to the relative increase in vorticity production at the wall in comparison
with the vorticity production at the eddy promoter at higher turbulent Reynolds numbers.
For flows in the presence of three-dimensional eddy promoters, the heat transfer
results pointed to inadequacy of using the bulk temperature defined on the basis of the
total mass flow rate in the calculation of the local heat transfer coefficient for three
dimensional flows.
Optimization study showed that highest savings in the pumping power with respect to
the plane channel case is indeed obtained in the transition region. This study also showed
that eddy promoters continue to provide good augmentation strategy for moderately high
Reynolds number turbulent channel flows.
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